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ABSTRACT
T o ta l  o x i d a t i v e  m e tabo l i sm  I n  t h e  h l u e  c r a b  C a l l i n e c t e s  s a p t d u e  
d oub les  w i t h  an  I n c r e a s e  In  a m b ien t  t e m p e ra tu re  i n  t h e  ran g e  1 5 - 2 5 ”C, 
c h a r a c t e r i s t i c  o f  summer i n  n a t u r e ,  and d e c r e a s e s  p r e c i p i t o u s l y  
4*92) In  the  range found d u r i n g  th e  w i n t e r *  Both s y s t e m i c  
and c e l l u l a r  mechanisms a r e  r e s p o n s i b l e  f o r  t h i s  p a t t e r n .  At 
summer t e m p e r a t u r e  a , where m oto r  a c t i v i t i e s  a r e  maximal, t h e  oxygen 
a f f i n i t y  o f  t h e  hemocyanin i s  low enough t h a t  c o n s i d e r a b l e  volumes 
o f  oxygen can be  e x t r a c t e d  from t h e  t i s s u e s ;  o v e r  40% o f  t h e  t o t a l  
volume o f  oxygen i n  the  b lo o d  I s  d e l i v e r e d  to  the  t i s s u e s *  At 
w i n t e r  t e m p e r a t u r e s ,  where f e e d i n g  and motor a c t i v i t i e s  a r e  s e v e r e l y  
r e d u c ed ,  t h e  hemocyanin oxygen a f f i n i t y  i s  so h ig h  t h a t  l i t t l e  o f  
th e  oxygen ta k e n  i n t o  the  b lo o d  can be e x t r a c t e d  by the  t i s s u e s .
At t h e  t r a n s i t i o n a l  t e m p e ra tu re  o f  ]5"C i n  t h e  s p r i n g ,  an a c c l i m a t i o n  
o f  t h e  oxygen a f f i n i t y  o f  t h e  hemocyanin  p e r m i t s  a p p r e c i a b l e  oxygen 
t r a n s p o r t  t o  th e  t i s s u e s .
At w i n t e r  t e m p e r a t u r e s ,  th e  oxygen u p ta k e  r a t e  o f  I s o l a t e d  
muscle  t i s s u e  i s  l e a s  th a n  252 o f  t h e  r a t e  a t  sujnmer t e m p e r a t u r e s .  
Oxygen u p ta k e  o f  h e p a t o p a n c r e a t i c  t i s s u e ,  which  p roduces  d u r i n g  the  
w i n t e r  the  m a t e r i a l s  r e q u i r e d  f o r  g a m e to g e n e s i s  and growth ,  d e c r e a s e s  
a t  w i n t e r  t e m p e r a t u r e s  to  abou t  o n e - t h i r d  o f  t h e  v a lu e  a t  summer 
t e m p e r a t u r e s .  ThiH s h i f t  i n  u t i l i z a t i o n  o f  th e  oxygen s u p p ly  i s  
due to  t h e  d i f f e r e n t  t e m p e ra tu re  dependence  o f  two pa thways  o f  
i n t e r m e d i a r y  m e tab o l i sm  i n  th e  t i s s u e s *  The h exose  monophosphate  
ahun t  I s  a  more a c t i v e  pathway i n  h e p a t o p a n c r e a t i c  th a n  i n  m u s c l e  
t i s s u e ,  and  t h i s  t i s s u e  Is  e s s e n t i a l l y  i n s e n s i t i v e  to t e m p e r a t u r e  
i n  t h e  r a n g e  15-25°C (Qi a * 1 . 0 ) ,  Oxygen u p ta k e  i n  muscle  t i s s u e ,  
i n  which g l y c o l y s i s  Is  v i r t u a l l y  t h e  only  a c t i v e  pathway, i s  h i g h l y  
s e n s i t i v e  t o  t e m p e r a t u r e  CQ|q.“  2 , 0 )  o v e r  t h e  same t e m p e r a t u r e  r a n g e .
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INTRODUCTION
The e n v i r o n m e n ta l  t e m p e ra tu re  of the  h lue  c r a b , C a l I l n e c t e s  s a p l d u s , 
f l u c t u a t e s  from w e l l  below 5 eC In the  w i n t e r  to w e l l  above 25”C In  th e  
gummer. At t e m p e r a t u r e s  below 1D°C, a t  a r a t h e r  s h a r p  t h r e s h o l d  t h a t  
occurs  b r i e f l y  d u r i n g  th e  t r a n s i t i o n a l  s ea so n s  i n  the  Chesapeake Bay, 
the  o rg a n ism  undergoes  a " h i b e r n a t i o n "  r e sp o n se .  The c rab  burrows i n t o  
the  s u b s t r a t e  and I t s  v i t a l  a c t i v i t i e s  ( e . g . ,  f e e d i n g ,  r e p r o d u c t i o n ,  and 
locomotion)  e s s e n t i a l l y  cease  u n t i l  t h e  w a te r s  warm i n  t h e  s p r i n g .  The 
im p o r tan ce  o f  t e m p e r a t u r e  i n  t h i s  r e sp o n se  i s  c l e a r  From b e h a v i o r a l  
changes t h a t  can be observed  i n  t h e  l a b o r a t o r y :  w i n t e r  an im a ls  exposed
to t e m p e r a t u r e s  above l n sC resume a c t i v i t y ,  and summer a n im a ls  can be 
in duced  to " H i b e r n a t e "  below 10flC. Although the  use o f  t h e  te rm " h i b e r ­
n a t i o n "  d e r i v e s  l a r g e l y  from th e  a b r u p t  change i n  b e h a v i o r ,  the  
m e t a b o l i c  changes  may be e q u a l ly  p ro fo u n d .  Above 10°C, where  C. s ap ldus  
i s  a c t i v e ,  t h e  oxygen up take  o f  i n t a c t  an im a ls  d e m o n s t r a t e s  a thermal 
s e n s i t i v i t y  (Q^q ) e q u a l  to  two ( L a i r d ,  1973).  While  t h e r e  i s  l i t t l e  
i n f o r m a t i o n  on th e  r e s p i r a t o r y  re sp o n se s  o f  whole an im a ls  a t  t e m p e ra tu re s  
below 10e C, th e  s p e c i f i c  a c t i v i t i e s  o f  t h e  enzymes p a r t i c i p a t i n g  in  
t h e  l iexose monophosphate  shun t  (HIE) i n  each of  two t i s s u e s ,  h e p a to p a n c re a s  
and m usc le ,  i n c r e a s e  a t  (R o b e r t ,  1971).
Al though  th e  t e m p e r a t u r e  dependence o f  b e h a v i o r  i n  t h e  b lu e  crab 
l a  u n u s u a l l y  g r e a t ,  t h e  r e l a t i o n s h i p  between o x i d a t i v e  m e tabo l i sm  and
a c c l i m a t i o n  t e m p e r a t u r e  among p o l k i l o t h e r m l c  an im als  found In the
5
6te m p e r a t e  zones  f r e q u e n t l y  p r e d i c t s  a c u r t a i l m e n t  o f  a c t i v i t y  In th e  
w i n t e r  ( P r o s s e r ,  1973) ,  Tn g e n e r a l ,  t h e  c o e f f i c i e n t s  d e s c r i b i n g  t h i s  
r e l a t i o n s h i p  v a ry  i n v e r s e l y  w i t h  t e m p e ra tu re ,  o f t e n  showing s h a r p  d i s ­
c o n t i n u i t i e s .  S e v e r a l  a d a p t a t i o n s  of i n t e r m e d i a r y  m e tabo l i sm  have 
b e e n  p ro p o s e d  to  e x p l a i n  t h e s e  responses  (Hochachka and Somero,  1973).  
Hochachka and Hayes (L962) d em ons t ra ted  t h a t  t h e  HK> was t h r e e  t imes 
more a c t i v e  i n  c o l d  than  in  warm acc l im a ted  f l a h ,  bu t d id  n o t  a s c e r t a i n  
t h e  r e l a t i o n s h i p  be tween t h i s  pathway and the  the rm a l  s e n s i t i v i t y  of  
oxygen u p t a k e .  Few s t u d i e s  have e l u c i d a t e d  the  sy s tem ic  a s p e c t s  o f  
t h e  r e s p i r a t o r y  r e s p o n s e  to  a  t em pera tu re  change. C l e a r l y ,  the  
o x i d a t i v e  m e ta b o l i sm  o f  t i s s u e s  must be i n f l u e n c e d  hy th e  im media te  
oxygen s u p p l y .  The pe r form ance  o f  the  oxygen t r a n s p o r t  s y s t e m  i n  
c r u s t a c e a n s  may be  an e s p e c i a l l y  c r i t i c a l  d e te r m in a n t  o f  t h e  m e t a b o l i c  
r e s p o n s e  b e c a u s e  th e  t e m p e ra tu re  dependence of oxygen a f f i n i t y  o f  
decapod  hemocyanins  i s  u s u a l l y  l a r g e  (4H» -10 -  - 1 3  k c a l / t n o l e ;  Man gum, 
1 9 8 0 ) ,  A f a i l u r e  o f  the  hemocyanin oxygen t r a n s p o r t  s y s te m  t o  adap t  
c o u l d  c o u n t e r a c t  c e l l u l a r  mechanisms of thermal  a d a p t a t i o n ,  C o n v e r se ly ,  
changes  i n  t h e  pe r fo rm ance  o f  v a r io u s  sys tem s ,  i n c l u d i n g  c a r d i o v a s c u l a r  
and v e n t i l a t o r y  s y s te m s  as w e l l  as oxygen t r a n s p o r t ,  c o u ld  I n f l u e n c e  
t h e  t h e r m a l  r e s p o n s e  o f  i n t a c t  an im a ls ,  even I f  no enzym at ic  a d a p t a t i o n s  
o c c u r .  The s u b j e c t  o f  t h i s  i n v e s t i g a t i o n  Is  th e  r e l a t i v e  im p o r t a n c e  o f  
t h e  v a r i o u s  mechanisms, s y s te m ic  and c e l l u l a r ,  Invo lved  In  t h e  o v e r a l l  
r e s p o n s e  o f  th e  o x i d a t i v e  metabol ism of the  b l u e  crab to  t e m p e r a t u r e  
chan g e .
MATERIALS AND METHMB
B lu e  c rabs  were  o b t a i n e d  l o c a l l y  from com m erc ia l  s u p p l i e r s  and 
m a i n t a i n e d  In r e c i r c u l a t i n g  w a t e r  a t  3 2 -34° /oo  s a l i n i t y .  The an im a ls  
were i n  the  l n t e r m o l t  s t a g e  and were  not f e d  p r i o r  to  e x p e r i m e n t a t i o n .  
T h e i r  body w e ig h t s  a v e r ag e d  2t)0 grams and ra n g e d  from 175-250 grams,
Animals o b ta in e d  d u r i n g  th e  months o f  J u ly  a n d  August a r e  c a l l e d  summer 
a n i m a l s ;  an imals  o b t a i n e d  by d r e d g i n g  d u r i n g  th e  months from November 
to  F e b r u a r y ,  when th e  w a t e r  t e m p e r a t u r e  was below lO^C, a r e  c a l l e d  
w i n t e r  a n im a l s .
*
Oxygen u p ta k e  r a t e s  (VO^) o f  I n t a c t  a n im a ls  i n  t h e  dark  w ere  
d e te r m in e d  by m e asu r in g  th e  d e p l e t i o n  o f  oxygen In  c l o s e d  c o n t a i n e r s  
(Yellow Spr ingg  I n s t r u m e n t  Co. 5420A p o l a r o g r a p h i e  e l e c t r o d e ) .  Animals 
were a l lo w e d  to  a d j u s t  t o  a e r a t e d  c o n t a i n e r s  f o r  30 m in u te s  b e f o r e
a
b e g i n n i n g  a measurement,  VO^ o f  h e p a t o p a n c r e a t i c  and musc le  t i s s u e  was 
d e t e r m i n e d  w ith  a  G i l so n  d i f f e r e n t i a l  r e s p i r e  m e te r ,  u s i n g  a s e a  w a t e r  
medium w i t h  0 ,05  M g lu c o se  f o r  th e  muscle t i s s u e ,  Su b seq u en t  m e asu re m e n t s ,  
how ever ,  s u g g e s t e d  no d i f f e r e n c e  i n  the  ab sence  o f  g l u c o s e .  To d e t e r m i n e  
the  r e l a t i v e  c o n t r i b u t i o n s  o f  the  v a r i o u s  t i s s u e s  to  t h e  oxygen up tak e  
r a t e  o f  i n t a c t  a n i m a l s ,  th e  organs  were  c a r e f u l l y  d i s s e c t e d  o u t  and 
w e ig h ed .  The o r g a n s ’ c o n t r i b u t i o n s  t o  t o t a l  w e ig h t  i s  e x p r e s s e d  as a 
p e r c e n t a g e  o f  wet w e igh t  o f  the  an im a l  minus t h e  e x o s k e l e t o n .
The r e l a t i v e  th e rm a l  s e n s i t i v i t y  of t h e  HMS compared to  g l y c o l y s i s  
was e s t i m a t e d  from t h e  r a t i o  o f  C * - l /C * -6  C*0^ p r o d u c t i o n .  P a i r e d
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8o b s e r v a t i o n s  o f  t i s s u e  samples t aken  from the  same anim als  were made a f t e r  
exposu re  o f  t h e  t i s s u e  to  e i t h e r  C*-l o r  C*-6 g lu c o se  (0 .0125  p c i /m l )  , 
and a t e m p e r a t u r e  o f  e i t h e r  25°C o r  lS^C. Animals were h e l d  f o r  2 weeks 
a t  15°C to  maximize t h e  a c t i v i t y  of  the  HMS enzymes, a t e m p e r a t u r e  o f  
12°C was chosen b ecause  I t  was t h e  lowest  t e m p e ra t u re  a t  which 
p r o d u c t i o n  by h e p a t o p a n c r e a t i c  t i s s u e  was g r e a t  enough t o  y i e l d  
m easu rab le  f i g u r e s .  Below 25° C, C*0^ p ro d u c t io n  by muscle  t i s s u e  was 
too low, and no measurements cou ld  be made. Exper im en ts  were pe rformed 
on 0 . 5  grams o f  t i s s u e  i n  Warburg v e s s e l s  which c o n t a i n e d  1 .9  mis o f  
g l y c y 1 - g l y c i n e  <0.fl5 H)  b u f f e r e d  sea  w a t e r  ( 3 3 ° / o o ,  pH 7 . 6 ) .  At
time a e r o ,  0 . 1  ml o f  t h e  l a b e l l e d  g lucose  s o l u t i o n  was added and, a t
60 m in u te s ,  t h e  exper im en t  was t e r m i n a t e d  by the  a d d i t i o n  of  0 . 5  M 
HjSO ,^ from th e  s ld e a rm .  The l a b e l l e d  C*0^ was c o l l e c t e d  i n  0 .2  ml o f  
hyamine h y d ro x id e  w h ich ,  a t  the  t e r m i n a t i o n  o f  t h e  e x p e r im e n t ,  was 
t r a n s f e r r e d  to s c i n t i l l a t i o n  v i a l s  and counted  (Beckman, LS-3133 T ) .
The PO^ and pH o f  b lood  samples t a k e n  a n a e r o b i c a l l y  w i t h i n  10 
seconds  o f  i n i t i a l  c o n t a c t  were measured w i th  a Radiomete r  (BMSl) b lo o d  
gas a p p a r a t u s .  P o s t b r a n c h i a l  samples  were  taken  from th e  h e a r t  i n t o  a 
hypodermic  s y r i n g e  through smal l  ho le s  p r e v i o u s l y  d r i l l e d  p a r t  way 
th rough  th e  c a r a p a c e .  F r e b r a n c h l a l  b lo o d  samples  were t a k e n  from th e
i n E r a b r a n c h i a l  s i n u s  a t  t h e  base  of the  f o u r t h  w a lk in g  l e g .  The oxygen
c a r r y i n g  c a p a c i t y  o f  a i r  e q u i l i b r a t e d  b lo o d  samples  was measured w i th  a 
Lex-Q^-Con t o t a l  oxygen con ten t  a n a l y z e r .
Oxygen e q u i l i b r i u m  p r o p e r t i e s  o f  d i l u t e d  b lo o d  were de te rm ined  
tonomet r l c a l l y  ♦ Whole b lood  samples were  a l lowed to  d o t  and the  serum 
c o l l e c t e d  a f t e r  c e n t r i f u g a t i o n .  The serum was d i l u t e d  w i th  B i s / T r l s  
( n . 0 5  M) b u f f e r e d  s e a  w a t e r  33-35°/oo s a l i n i t y ) ,  pH a d j u s t e d  w i th  HC1 
a t  t h e  t e a t  t e m p e r a t u r e .  K ix tu res  of and p r e p a r e d  w i th  a Wosthoff
9Model SA 2 7 /2  Gae Mixing Pump, were passed a t  a r a t e  o f  756 m la /m in  
a c r o s s  s t i r r e d  samples c l o s e d  to  t h e  a tm osphere ,  and th e  change I n  
a b s o r b a n c e  o b s e r v e d  a t  525 nm (Bausch & Lcmb S p e c t r o n l c  20 c o l o r i m e t e r )  - 
U l t r a  High P u r i t y  gases  were  used,  and the  was s c r u b b ed  f u r t h e r  In  a 
I x 0 , 0 3  m colutm o f  Rldox ( F i s h e r  S c i e n t i f i c  C o . ) .  T h i s  m ix tu r e  was 
h u m i d i f i e d  i n  1 l i t e r  wash b o t t l e s .  The e q u i l i b r a t i o n  p e r i o d ,  chosen 
by a s c e r t a i n i n g  no f u r t h e r  change i n  absorbance  a f t e r  5 m in u te s ,  waH 
10-15 m i n u t e s  a t  each  PO^.
F o r  t h e  d e t e r m i n a t i o n  o f  h e a r t  ra te*  e l e c t r o d e s  were  i n s e r t e d  i n t o  
h o l e s  d r i l l e d  i n t o  th e  ca rap a ce  on e i t h e r  s i d e  o f  t h e  h e a r t  and h e ld  i n  
p l a c e  by d e n t a l  wax (L ac to n a  S u r g l d e n t ) .  Animals w e re  a llowed to  
r e c u p e r a t e  o v e r n i g h t  and c o n t inuous  r e c o rd in g s  made f o r  5 minu tes  w i th  
an  Impedenee  pneumograph (E and M Ins t rum en t  C o , ) ,  The e n t i r e  r e c o r d  
was u s ed  f o t  t h e  d e t e r m i n a t i o n  o f  mean v a l u e s .
V e n t i l a t i o n  flow r a t e s  were measured w i th  a  F l u i d  Component Co. f low 
m o n i t o r  (F f t -70-4)  c o n n ec ted  through a tube to  a r u b b e r  "maak", f i t t e d  
o v e r  t h e  mouth p a r t s *  e y e s ,  and e x h a la n t  openings  o f  th e  g i l l  chamber.
The f low  m o n i to r  was c l a l b r a t e d  w i th  a Brooks I n s t r u m e n t  Co. manometer 
(1355-O-A-FZZ) , E x h a la n t  w a te r  from the  g i l l  chamber p a s se d  o v e r  t h e  
s e n s o r ,  p l a c e d  below th e  w a te r  l e v e l ,  and r e - e n t e r e d  t h e  aquar ium.
C o n t in u o u s  r e c o r d i n g s  were  taken  fo r  5-10 minutes  on an im a ls  h e l d  a t  
t h e  t e s t  t e m p e r a t u r e s  £ 1°C) in  a e r a t e d  a q u a r i a .
D a ta  p r e s e n t e d  below as mean va lues  s t a n d a r d  e r r o r ) ,  and were compared 
a c c o r d i n g  t o  S t u d e n t ' s  t  t e s t ,  u s in g  unpa ired  o b s e r v a t i o n s  u n l e s s  
o t h e r w i s e  s p e c i f i e d .  L oga r i thm ic  r e g r e s s i o n  l i n e s  d e s c r i b i n g  th e  
r e l a t i o n s h i p  be tween  and p rev en t  s a t u r a t i o n  were  c o n s t r u c t e d  from
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d a t a  p o l n t a  be tw een  35-75 p e r c e n t  s a t u r a t i o n .  Conf idence  b e l t s  a t  th e  
95S c o n f i d e n c e  I n t e r v a l  w e re  drawn from th e  d e t e r m i n a t i o n  o f  e r r o r .  These  
d a t a  were e x p r e s s e d  as H i l l  p l o t s *  and n ^  v a l u e s  o b t a i n e d  aa t h e  s l o p e  
o f  the  r e g r e s s i o n  l i n e .
RESULTS
Oxygen up cake o f  i n t a c t  a n im a l s  and t i s s u e s
The e f f e c t s  o f  t e m p e r a t u r e  on b e h a v i o r  of  sapi-dua a r e  h ig h ly
c o r r e l a t e d  w i th  the  o bse rved  r a t e s  o f  oxygen up take  1° whole
an im a ls  (T ab le  1 ) .  In t h e  i n t e r v a l  1 5 -2 5 flC, where t h e  v a r io u s  v i t a l
*
a c t i v i t i e s  a r e  a t  t h e i r  g r e a t e s t  i n  n a t u r e ,  the  VO  ^ doub les  w i t h  a 100
r i s e  i n  t e m p e r a t u r e .  I n  th e  t e m p e ra tu re  range  5-15°C, w i t h i n  which
" h i b e r n a t i o n "  h e g i n s 1 the  e f f e c t  o f  t e m p e ra tu re  i s  more than tw ice  as
g r e a t .  When an im a ls  h e ld  a t  15"C were t r a n s f e r r e d  t o  5 6C w i th  a hypodermic
t h e r m i s t o r  p robe  (Yellow Spr ings  In s t r u m e n t  Co.) i n s e r t e d  deep i n t o  th e
c a r a p a c e ,  l e s s  than  one h o u r  was r e q u i r e d  to reach  th e  new te m p e r a t u r e .
*
Using  p a i r e d  o b s e r v a t i o n s  (N"3),  on each of t h r e e  I n d i v i d u a l s  VO  ^ was 
IS .  2 (+{J .6 ,S.E. p l / g  wet w t . h r .  one h o u r  a f t e r  t r a n s f e r  from 15° to 
5°Ct 16.0 ( ± 0 . 5 , 5 . E . )  p l / g  wet w t . h r ,  t h r e e  hours a f t e r w a r d s  and 12,6 
( ± 0 . 9 , S . E . )  u l / f t  wet w t . h r .  one week a f t e r  t r a n s f e r .  A n a ly s i s  o f  th e  
d a t a  by p a i r e d  o b s e r v a t i o n s  r e v e a l s  t h a t  one hour  a f t e r  t r a n s f e r  animal
r
(A) reduced i t s  VO^  by 62%, animal (B) reduced  i t s  r a t e  by 573!, and animal
(C) reduced  by 65%. Three  hours  a f t e r  t r a n s f e r  a n im a l  (A) reduced  i t s  
*
VO^ by 64%, an im a l  (B) reduced  i t s  r a t e  by 68%, and an im a l  (C) reduced  
by 69%. fine week a f t e r  t r a n s f e r  the  r a t s  were reduced  by 66%, 70%, 
and 72% f o r  A B and 0 ,  r e s p e c t i v e l y .  Thus,  t h e r e  l a  a c t u a l l y  a n e g a t i v e  
th e rm a l  a c c l i m a t i o n  ( P O .O Q l ,  a cc o rd in g  t o  S tu d en t* a  t  t e s t  f o r  p a i r e d  
o b s e r v a t i o n s )  w i th  t h e  t e m p e r a t u r e  p e r i o d  r e q u i r e d  f o r  t h e  maximal 
p e r c e n t  d e p r e s s i o n  o f  oxygen uptake c o i n c i d i n g  c l o s e l y  w i th  the  t ime 
r e q u i r e d  f o r  t h e  th e rm a l  e q u i l i b r a t i o n  o f  the  deep t i s s u e s .  Rober t  (1971)
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T a b l e  1
E f f e c t s  o f  t e m p e r a t u r e  on oxygen uptake by i n t a c t ,  r e s t i n g  
I n d i v i d u a l s  o f  C a l l l n e c t e a  s a p ld u a . Animals h e l d  a t  
e x p e r i m e n t a l  t e m p e r a t u r e  f o r  two weeks p r i o r  to  measurement.  
Mean ± S.E.  o f  6 o b s e r v a t i o n s  on each o f  s i x  an im als  a t  
each  t e m p e r a t u r e .
TEMFERATUKK V02
(C-) f u l / g  wet w t , / h r . ) qi o
5 12.0 + 1. 2 4.92
15 63.0  + 9 .0
25 123,3  ± 6,9 1.96
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a l s o  o b s e r v e d  t h a t  the  oxygen u p ta k e  r a t e  f a l l o w i n g  a  5°C t e m p e r a t u r e  
change  s t a b i l i s e d  be tween t h r e e  and f i v e  ho u rs  p o s t  t r a n s f e r .
Measure  merits a f  oxygen up take  by i s o l a t e d  t i s s u e s  I n d i c a t e  t h a t ,  
i n  g e n e r a l ,  h e p a t o p a n c r e a t i c  t i s s u e  has a h i g h e r  VO^  and lower  t h e r m a l  
s e n s i t i v i t y  than  muscle t i s s u e  {Table  2) ,  The on ly  e x c e p t i o n  i s  th e  
r a t e  i n  t i s s u e  measured a t  25°C and taken from 25°C a c c l i m a t e d  a n im a l s .  
Between th e  a c c l i m a t i o n  t e m p e r a t u r e s  o f  15°C t o  25° C, the  oxygen up tak e  
r a t e  o f  h e p a t o p a n c r e a t i c  t i s s u e  d e m o n s t r a t e s  a (Jjq o f  1 , 0 ,  compared w i t h  
m u sc le  t i s s u e  w h ich  has  a o f  2 . 0  f o r  i t s  oxygen u p ta k e  r a t e .  U n l ik e  
m u sc le  t i s s u e ,  h e p a t o p a n c r e a t i c  t i s s u e  shews some p o s i t i v e  th e rm a l  
a c c l i m a t i o n ;  a t  25"C, t i s s u e  taken  from a n im a l s  he ld  a t  15DC has  a 
h i g h e r  r a t e  o f  oxygen consumpt ion  t h a n  t i s s u e s  t a k e n  from a n im a l s  h e l d  
a t  25°C (P < 0 ,G n i ) .
Of t h e  t o t a l  body w e i g h t ,  e x c l u d i n g  t h e  e x o s k e l e t o n ,  h e p a t o p a n c r e a s  
co m p r i s e s  l e s s  t h a n  l ^ S .  On the  o t h e r  hand ,  muscle  t i s s u e  e q u a l s  a v e r  
2 /3  o f  t h e  t o t a l .  The d i f f e r e n c e s  i n  th e  r e l a t i v e  c o n t r i b u t i o n  o f  t h e s e  
t i s s u e s  t o  the  t o t a l  f r e s h  w e igh t  a r e  r e f l e c t e d  in  t h e  r e s p o n s e s  o f  whole  
a n im a ls  t o  t e m p e r a t u r e .  The the rm a l  s e n s i t i v i t y  o f  w ho le  an imal VO^  
p a r a l l e l s  the  r e s p o n s e s  o f  muscle r a t h e r  t h a n  h e p a t o p a n c r e a t i c  t i s s u e .  
Between th e  h o l d i n g  t e m p e r a t u r e s  o f  15°C and 25"C, oxygen u p t a k e  in  
w ho le  a n i m a l s ,  l i k e  muscle  t i s s u e ,  has  a o f  2. Between th e  h o l d i n g  
t e m p e r a t u r e s  o f  5°C and 15aC, whole animal oxygen u p ta k e  d e m o n s t r a t e s  a  
o f  4 . 9 ;  w h e r e a s ,  oxygen up take  in  both  muscle  and h e p a t o p a n c r e a s  
has  a o f  l e s s  than  3.  Th is  o b s e r v a t i o n  i n d i c a t e s  t h a t  th e  maximum
m e t a b o l i c  demands o f  the  t i s s u e s  a r e  l i m i t e d  by oxygen up take  a t  the  g i l l ,  
and i t s  t r a n s p o r t  In t h e  b lo o d .
Table 2
E f f e c t  o f  t e m p e ra tu re  on muscle and h e p a t o p a n c r e a t i c  t i s s u e  
on oxygen up take  (VO^)- Mean ± S .E .  of 12 o b s e r v a t i o n s  on 
t i s s u e  taken  from 3 an im a ls  he ld  a t  e j tp e r im e n ta l  t e m p e r a t u r e  
f o r  two weeks p r i o r  to measurement.
EXPOSURE
TEMPERATURE
EXPERIMENTAL
TEMPERATURE
(C*)
MUSCLE
Vn2
( ji1 / r dry wt.  / h r . )
HEFATOPANCREA5
Vn
( u l / g  d ry  fi t ,  / h r . )
5 5 95 .0  + 10.4 142.7  + B. 6
15 15 2 3 3 .B ± 6 ,1 408 .3  ± 28.9
15 25 4 2 5 , J + 32,2 6 9 0 .3  + 14 .3
25 15 227.5 ± 34.1 412 .5  + 56.0
25 25 461.7  ± 36.6 403 .0  + 23.0
15
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The s e n s i t i v i t y  o f  oxygen up take  to i o d o a c e t a t e  (10 M) was used as  
an I n i t i a l  I n d i c a t o r  o f  t h e  r e l a t i v e  a c t i v i t y  o f  the  HMS i n  t h e  two t i s s u e s  
compared w i t h  g l y c o l y s i s .  The lower  the s e n s i t i v i t y , t h e  g r e a t e r  the  
HMS a c t i v i t y  r e l a t i v e  to g l y c o l y s i s ,  Muscle and h e p a t o p a n c r e a t i c  t i s s u e  
d i f f e r  i n  t h e i r  re sp o n se  (P<0.001,  N-12), At 25aC, t h e  oxygen uptake 
o f  h e p a t o p a n c r e a t i c  t i s s u e  d e c rea se d  by only 0-17% i n  the  p r e s e n c e  o f  
l o d o a c e t a t e i  w h i l e  oxygen up take  o f  muscle d e c rea se d  by f u l l y  2 7-56.6%,
R e l a t i v e  th e rm a l  s e n s i t i v i t y  of th e  hexosa monophogphate^ s h u n ^  j?athway 
compared t o  g l y c o l y s i s
At 25°C, th e  r a t i o  o f  C*-6 and C*-l C*o^ produced by h e p a t o p a n c r e a t i c  
t i s s u e  i s  0 ,1 8 5  (T ab le  3) , c o n f i rm in g  the h ig h  l e v e l  o f  a c t i v i t y  of th e  
HMS pathway r e l a t i v e  to  g l y c o l y s i s .  At the same t e m p e r a t u r e ,  the  r a t i o  
f o r  m u sc le  t i s s u e  i s  0 , 2 7 ,  c o n f i rm in g  the  c o n s i d e r a b l y  s m a l l e r  m e ta b o l i c  
c o n t r i b u t i o n  o f  th e  HMS, At 12flC, C*0^ p ro d u c t io n  by th e  h e p a to p a n c re a s  
i s  r e d u c e d ,  b u t  a t i l l  h igh  enough to d e tec t  c l e a r l y .  The C*-l  to C*-6 
r a t i o  o f  C*0j i s  o n e - f i f t h  as g r e a t  a t  12*C th a n  2S*C. Thus, a t  the  
lo w er  t e m p e r a t u r e ,  the HMS pathway i s  more a c t i v e  r e l a t i v e  to  g l y c o l y s i s .  
A l though  th e  measurements  a t  12° C could not he  made on  muscle t i s s u e ,  i t  
i s  r e a s o n a b l e  to  s u g g e s t  t h a t  the  e f f e c t  may be d i f f e r e n t ;  th e  t o t a l  
o x i d a t i v e  m e tab o l i sm  Is  f a r  more reduced a t  low t e m p e r a t u r e  In  muscle 
t h a n  i n  hep a top a n c rea s  .
V e n t i l a t i o n ,  oxygen e x t r a c t i o n ,  and h e a r t  r a t e
Below 25flC, t h e  flow r a t e  o f  w a te r  across the  g i l l s  d e c r e a se s  
s h a r p l y  ( T a b le  A). P a i r e d  o b s e r v a t i o n s  on th e  same c rab  48 houra  and 
one week a f t e r  a  d rop  In t e m p e ra tu re  reveal no a c c l i m a t i o n  d u r in g  t h a t
T able  3
P a i r e d  o b s e r v a t i o n s  o f  r*Oj p r o d u c t i o n  from C*- l  and C*-6 
g l u c o s e  by t i s s u e  a t  2 5 “ and 12”C. Mean + S,E . o f  6 
o b s e r v a t i o n s  on t i s s u e  taken  from each of two a n im a l s  h e l d  
p r e v i o u s l y  a t  1 5 °C f o r  two weeks .
TEHPERATURE
( c ° )
TISSUE POSITIONo f
LABEL
DPM-g--h r RATIO
C*-6 1233 ± 173
25 Hep a top an e r e  as 0. 185
C*- l 6660 ± 493
C*-6 + 1 
r*\ B
12 H e p a to p a n c rea s 0 .0 3 8
C ^ l 986 ± 44
C*-6 70 ± 10
25 M ll3  c l e 0 .270
C+-1 258 ± 15
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T able 4
E f f e c t  o f  t e m p e ra t u re  on v e n t i l a t i o n ,  oxygen e x t r a c t i o n ,  
and h e a r t  r a t e  i n  C a l l i n g x te a  sap ld .ua . Ambient PO^ ■
145—155 nun Hg, a n l i n i t y  -  3 3 -3 5 &/oo .  Mean + S .E .  o f  6 
o b s e r v a t i o n s  on 6 an imals  h e ld  a t  the  e x p e r i m e n t a l  t e m p e r a t u r e  
f o r  2 d a y s ,  and 12 o b s e r v a t i o n s  o f  oxygen e x t r a c t i o n  i n  each  
of 6 animals*  Animal weight range  175 -  200 g.
TEMPERATURE
(Ce)
WATER FLOW RATE 
(ml /kg-mln) ^10
OXYGEN EXTRACTION
a )
HEART RATE 
( b t e /m in ) l i o
5 6ft ± 6 58 ± 2 19 ± 4
2.  7 4.6
15 90 + 30 55 + 3 87 ± 3
4 .0 2 .0
25 732 * 108 5 2 + 3 174 i  10
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p e r i o d .  The p e r c e n t  oxygen e x t r a c t i o n  from the  w a te r  shows a q u i t e  
s m a l l  b u t  c o n s i s t e n t  t r e n d  o f  i n c r e a s e  a t  low tem p era tu re  (P<0.0Q1).
H e a r t  r a t e  a l s o  d e c r e a s e s  s h a r p ly  (T ab le  A); p a i r e d  o b s e r v a t i o n s  
on th e  same crab shows t h a t  h e a r t  r a te  s t a b i l i z e s  w i t h i n  one hour and 
24 t o  48 hours  when t e m p e r a t u r e  I s  d e c rea se d  by l(laC i n t e r v a l s .  These 
d a t a  a r e  s i m i l a r  t o  th o se  o b t a i n e d  fo r  24 ho u rs  hy de Fur and Han gum 
(1 9 7 9 ) .  I n  c o n t r a s t  t o  the  v e n t i l a t o r y  r e s p o n se  (Tab le  4) , t h e  th e rm a l  
s e n s i t i v i t y  o f  h e a r t  r a t e  (T ab le  4) c l o s e l y  resembles  t h a t  o f  oxygen 
u p ta k e  i n  I n t a c t  an im a ls  (Tab le  1 ) .
E f f e c t s  o f  t e m p e r a t u r e  on b lood PO^ and pH
R e g a r d l e s s  o f  t e m p e r a t u r e ,  no s i g n i f i c a n t  d i f f e r e n c e  (P>fi ,5) 
be tw een  p o a t r a n t h l a l  and p r e b r a n e h i a l  b lood  was observed  (T ab le  5 ) ,
As shown e a r l i e r  (Cameron and B a t t e r t a n ,  1978),  t h e  pH o f  p r e b r a n e h i a l  
b l o o d  t a k e n  from r e s t i n g  an im a ls  i n c r e a s e s  a t  low t e m p e r a t u r e .  These  
d a t a  a r e  c o n s i s t e n t  w i t h  the  r e s u l t s  o b t a i n e d  In t h i s  s t u d y .  The PO^ 
o f  p o e tb  r a n c h i a l  b lo o d  i n c r e a s e s  a t  low te m p e ra tu re  (PcO.O Ol) ,  w h i l e  
t h e  POj □! p r e b r a n e h i a l  b lood d ec rea se s  (P<0.001) (T ab le  5 ) .  Thua, a t  
low t e m p e r a t u r e ,  t h e  t i s s u e 3  a r e  exposed to  i n c r e a s i n g  hypox ia  even 
though t h e  o x y g e n a t io n  o f  t h e  b lo o d  a t  t h e  g i l l  i s  g r e a t e r .
E f f e c t s  o f  t e m p e r a t u r e  and s e a s o n  on the oxygen e q u i l i b r i u m  j j r ope r t i e s  
o f  hem ocyan in
At 25° C, th e  oxygen e q u i l i b r i u m  curve f o r  gap i d  us hemocyanin I s
b i p b a s l  c m,  f o r  exam ple ,  c o o p e r a . t i v i t y  'Winter pigment  a t  pH 7.B
v a r i e s  f ro m  n- 2 , 8  a t  low p e r c e n t  oxygenat ion  to  n“ 4 a t  h i g h e r
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o x y g e n a t io n  l e v e l s .  This p ro p e r ty  i s  common among th e  decapod hemocyanlna 
(B o n a v en tu ra ,  1974).  At the  same t e m p e ra tu re ,  oxygen a f f i n i t y  i s  
s t r o n g l y  pH d e p en d e n t ;  t h e  Bohr e f f e c t  (Aiog P ^ / i p H )  r e a c h i n g  i t s  
maximum ( - 1 . 7 )  i n  the  pH range  7 . 4 - 7 . fl (F ig .  1) .  In  t h e  same pH
ra n g e ,  v a r i e s  i n v e r s e l y  w i th  pH (F ig .  2) .  Below 25°C, oxygen
a f f i n i t y  i n c r e a s e s  and n ^  d e c r e a se s  i n  the  t e m p e r a t u r e  range  15,IC-25i C. 
The t e m p e ra t u re  dependence o f  oxygen a f f i n i t y  (AH- -10 k c a l / r ao le )  i s  
f a i r l y  t y p i c a l  o f  t h e  c r u s t a c e a n  hemncyanina ( rev iew ed  by Mangum, 1980).
At 5“C-15' ,C, the  t e m p e ra tu re  s e n s i t i v i t y  o f  oxygen a f f i n i t y  I n c r e a s e s  
t o  AH- -21 k c a l / m o l e ,  Although the  t em pe ra tu re  dependence o f  hemocyanin 
oxygen b i n d i n g  has  n o t  been i n v e s t i g a t e d  i n  d e t a i l  p r e v i o u s l y ,  t h i s  
p a t t e r n  a l s o  c h a r a c t e r i z e s  o t h e r  high m o lecu la r  w e ig h t  oxygen c a r r i e r s  
such as e x t r a c e l l u l a r  hemoglobins  (Toulmond, 1977),  At low t e m p e r a t u r e ,  
t h e  Bohr e f f e c t  c o n t in u e s  t o  reach  i t s  maximum in  t h e  pH range  7 , 4 - 7 . 8  
( F ig .  1 ) ,  b u t  the  magnitude  d e c l i n e d  to - 1 . 3  a t  15"C and to  - 0 . 7  a t  5flC.
When t e s t e d  a t  the  same tem pe ra tu re  and pH, t h e  oxygen a f f i n i t y  o f
hemocyanln p r e p a r e d  from sunnier animals i s  h i g h e r  than  t h a t  o f  w i n t e r  
an im a ls  ( F i g ,  3 ) .  This  s e a s o n a l  d i f f e r e n c e  cou ld  no t  be  Induced  o r  
r e v e r s e d  by h o l d i n g  the  an im a ls  fo r  s e v e r a l  weeks a t  v a r i o u s  t e m p e r a t u r e s  
in  t h e  l a b o r a t o r y .  When summer animals (August,  1979) were  h e ld  f o r  
t h r e e  weeks a t  5“ C, the  oxygen a f f i n i t y  o f  t h e i r  heraocyanln ( P ^ “
10 ±Gmm Hg a t  pH 7 . 6 ,  N-4) remained the same (P>0,5) aH t h a t  of  
f r e s h l y  c o l l e c t e d  anim als  h e ld  o v e rn ig h t  a t  2 5“C 10 n® Hft a t  7 ,6 ,
d a t a  from summer 1979 r e g r e s s i o n  l i n e ,  see  F ig .  2 ) .  S i m i l a r l y ,  when 
w i n t e r  an im a ls  (F eb ruary  1979) were h e ld  a t  25flC fo r  17 d a y s ,  the  v a lu e  
o f  wafl ^  -0mm Hg (N- 3 ) ,  no d i f f e r e n t  from the  va lue  o f  f r e s h l y
21
Figure  1
R e l a t i o n s h i p  between hemocyanln oxygen a f f i n i t y  and pH 
a t  5 4 , l h c t and  25°C, Mean ( i  95U conf idence  i n t e r v a l )  
t a k e n  from r e g r e s s i o n  l i n e  d e s c r ib in g  8-16 p o i n t s  a t  
e ac h  pH„
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F ig u re  2
R e l a t i o n s h i p  between hemocyanin coopern t i v l t y  (jlgg) o f  
hemocyanln oxygen b i n d i n g  and t e m p e r a t u r e .  Values  o f  
r^.0 o b t a i n e d  from s l o p e  o f  the  r e g r e s s i o n  l i n e  d e s c r i b i n g  
a minimum of  8-16 p o i n t s  a t  each pH.
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Figure  3
S e a s o n a l  change i n  hemoeyauin oxygen a f f i n i t y  (F^q) 
and pH a t  25°C, Summer *78 ( ) )  , Summer '7 9  ( ^ )  » 
W i n t e r  *78 ( • ) ,  W in te r  '79 ( 0 )  . Mean (±95£ c o n f id e n ce  
I n t e r v a l )  taken  from r e g r e s s i o n  l i n e  d e s c r i b i n g  a 
minimum o f  8-16 p o i n t s  a t  each pH*
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c o l l e c t e d  a n im a l s  h e ld  o v e r n i g h t  a t  15®C and t e s t e d  a t  25*C 
16 ± , N - 6 ) , Thus t h e  a c c l i m a t i o n  of hemocysnln oxygen a f f i n i t y  
a p p e a r s  t o  o p e r a t e  on a s e a s o n  time s c a l e .
E f f e c t s  o f  t e m p e r a t u r e  and s e a s o n  on oxygen t r a n s p o r t
The o x y g e n a t i o n  s t a t e  o f  the  b lo o d ,  c a l c u l a t e d  from oxygen c a r r y i n g  
c a p a c i t y  o f  th e  b lo o d  and th e  d a t a  In Table 5 and F ig u res  1 and 3, I s  
shmm i n  T ab le  6* The v a lu e  f o r  oxygen c a r r y i n g  c a p a c i t y  o f  the b lo o d  
( e q u i l i b r a t e d  to  a i r  a t  228C) ob ta ined  From a i x  an imals  i n  t h i s  sample  
i s  t h e  same ( 1 ,6  ± 0 ,1 )  as t h a t  observed e a r l i e r  (Mangum and W el lan d ,  1975),  
P o s t  b r a n c h i a l  b lo o d  i s  f u l l y  oxygenated a t  summer t e m p e ra tu re s  and abou t  
h a l f  o f  the  oxygen load i s  d e l i v e r e d  to the  t i s s u e s .  Under summer 
c o n d i t i o n s ,  v i r t u a l l y  a l l  (9 3£) o f  the oxygen consumed by th e  m i to c h o n d r i a  
i s  s u p p l i e d  by th e  oxygen c a r r i e r .  At t e m p e ra tu re s  below 25°C, th e  
oxygen a f f i n i t y  o f  the  b lo o d  i n c r e a s e s  due to  b o th  the  i n t r i n s i c a l l y  
h i g h e r  oxygen a f f i n i t y  o f  t h e  hemocyaniti m olecu le  (F ig ,  1) as w e l l  as 
t h e  h i g h e r  pH (T ab le  5 ) ,  The smal l  dec rea se  i n  b lo o d  does n o t  f u l l y  
o f f s e t  t h e  enhanced  b lood  oxygen a f f i n i t y ,  and t h e  oxygen e x t r a c t i o n  
from t h e  b lo o d  d rops  from 473J a t  25“C to 342 a t  15*C, T o g e th e r  w i th  
t h e  l a r g e  d e c r e a s e s  in  h e a r t  r a t e ,  th e se  changes in  oxygen t r a n s p o r t  
r e s u l t  i n  a s u b s t a n t i a l  d e c r e a s e  i n  the  volume o f  oxygen s u p p l i e d  t o  
o x i d i z i n g  t i s s u e s  (Table  6 ) .  At 5°C, the  oxygen a f f i n i t y  of the  b lo p d  
becomes 9D h ig h  t h a t  the  t i s s u e s  a r e  unable  to  deoxygena te  t h e  c a r r i e r  
a t  a l l ,  i n  s p i t e  o f  t h e  l a r g e  dec rea se  in  b lood  PO^. There  l a  a l s o  a 
d r a s t i c  r e d u c t i o n  i n  h e a r t  r a t e  ( i . e . ,  blood flow) a t  t h i s  t e m p e r a t u r e .
A l l  o f  th e  oxygen consumed a t  5°C must be t r a n s p o r t e d  i n  t h e  m o le c u l a r
Table  6
The e f f e c t s  o f  t e m p e r a t u r e  and s ea so n  on h l o c d  o x y g e n a t i o n .
EXPERIMENTAL
TEMPERATURE
(c°)
SEASON £11
POSTBRANCHIAL
cyO
PREBRANCHIAL
5 W in te r 100 100
15 W in te r 100 66
W in te r 91 22
25
Sumner 100 53
25
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form, and the  heraoeyanln must have l i t t l e  o r  not r e s p i r a t o r y  im p o r tan c e .  
Thus,  w i t h  r educed  t e m p e ra tu re  t h e r e  1b a d ec rea se  In  the  q u a n t i t a t i v e  
r o l e  o f  hemocyanin oxygen t r a n s p o r t .
DISCUSSION
The r e s p i r a t o r y  and m e ta b o l ic  systems i n  t h e  b lue  c rab a r e  c l e a r l y  
g e a r e d  t o  o p e r a t e  a t  h ig h  l e v e l s  in  the  summer and a t  t e m p e ra tu re s  
c h a r a c t e r i s t i c  o f  t h e  t r a n s i t i o n a l  pe r iod  between w i n t e t  and simmer,
At sunnier t e m p e r a t u r e s ,  hemocyanin Is  almost f u l l y  oxygenated a t  the  
g i l l  a n d ,  i n  r e s t i n g  a n i m a l s ,  about h a l f  of th e  oxygen load  I s  d e l i v e r e d  
t o  t h e  t i s s u e s ,  l e a v i n g  an adequa te  venous r e s e r v e  fo r  e x p l o i t a t i o n  
d u r i n g  h ig h  l e v e l s  o f  motor a c t i v i t y  (Hangul and Welland, 1975)* The 
c a r d i o v a s c u l a r  and r e s p i r a t o r y  sys tems  op e ra te  a t  t h e i r  g r e a t e s t  r a t e s ,  
and th e  I n t r i n s i c a l l y  h ig h  r a t e  o f  g l y c o l y t i c  m etabo l i sm  In th e  
swimming m u s c l e s ,  o v e r  t w o - t h i r d s  of the  t o t a l  body w e i g h t ,  i s  f u e l e d  
a t  a h i g h  l e v e l .  The n e t  r e s u l t  i s  a high r a t e  o f  oxygen u p ta k e .
When th e  t e m p e r a t u r e  d e c r e a se s  to  w in t e r  v a l u e s ,  t o t a l  o x i d a t i v e  
m e ta b o l i s m  drops  t o  q u i t e  law l e v e l s ,  and th e r e  i s  no e v id en c e  o f  an 
a c t i v e  com pensa to ry  a c c l i m a t i o n  which Is  g rea t  enough t o  i n f l u e n c e  t o t a l  
oxygen up take*  I n d e e d ,  a sm al l  n e g a t i v e  acc l l m a t  i o n , which Is  o f t e n  
a s s o c i a t e d  w i th  w i n t e r  t e m p e r a t u r e s  (Sassaman and Mangum, 1970) can be 
d e t e c t e d .  H e a r t  r a t e ,  v e n t i l a t i o n  flow r a t e  and the  i n t r i n s i c  r a t e  o f  
oxygen u p ta k e  o f  m uscle  t i s s u e  a l l  decrease  d i s p r o p o r t i o n a l l y . Desp i te  
th e  d e c r e a s e d  b lo o d  flow, which ex tends  the  e q u i l i b r a t i o n  t im e  a t  the 
t i s s u e s  and low ers  b l o o d  PO^* th e  oxygen a f f i n i t y  o f  the c a r r i e r  i n  the  
b lo o d  becomes so h ig h  t h a t  very l i t t l e  oxygen can be  e x t r a c t e d  by the 
t i s s u e s .  Perhaps  o f  n e c e s s i t y ,  t h e  n e t  r e s u l t  " h i b e r n a t i o n "  i n  b o th  th e  
m e t a b o l i c  and b e h a v i o r a l  s e n s e s ,  and an even g r e a t e r  r e t a r d a t i o n  o f  
t o t a l  o x i d a t i v e  m e ta b o l i sm  than p r e d i c t e d  by th e  1 n v i t r o  r e sp o n se  o f  
m u sc le  t i s s u e .
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In  view o f  t h e  r e l a t i v e  hiomasB o f  the  two t i s s u e s ,  i t  La n o t  s u r p r i s i n g  
t h a t  t h e  t h e r m a l  s e n s i t i v i t y  a f  muscle  m e tab o l i sm  dom ina te s  th e  r e s p o n s e  
o f  the  whole  a n im a l .  Tn th e  range 15-25°C, th e  hemocyanin oxygen a u p p ly  
t o  m e t a b o l i z i n g  t i s s u e  a p p ea r s  to  be a d e q u a t e ,  and th e  c o e f f i c i e n t  
d e s c r i b i n g  th e  e f f e c t  of t e m p e r a t u r e  on oxygen up take  o f  whole  a n i m a l s  
and o f  I s o l a t e d  m uscle  t i s s u e  i s  e s s e n t i a l l y  t h e  same. Moreover ,  t h e  
p o s i t i v e  compensa tory  a c c l i m a t i o n  o f  h e p a to p a n c re a s  a t  15 C can n o t  
be d e t e c t e d  i n  whole  a n im a l s ,  i n  a l l  l i k e l i h o o d  b ecause  i t s  c o n t r i b u t i o n  
t o  t o t a l  m e tab o l i sm  i s  so sm a l l*  N o n e t h e l e s s ,  t h e  a c c l i m a t i o n  of  
t h i s  key  t i s s u e ,  which s y n t h e s i z e s  t h e  m a t e r i a l s  u t i l i z e d  i n  gametogenes  i s  
and f o r  th e  b u r s t  o f  growth and a c t i v i t y  In  the  s p r i n g  ( P h i l l i p s ,  e t  a l ,
19 77; Munday and Munn, 1962) must be  an i m p o r t a n t  m e t a b o l i c  a d a p t a t i o n  
in  th e  l i f e  h i s t o r y  o f  the  a n im a l .  The r ed u ced  t e m p e r a t u r e  s e n s i t i v i t y  
o f  th e  HMS, a more im p o r t a n t  pathway i n  t h e  h e p a to p a n c re a3  th a n  i n  
m usc le  ( R o b e r t ,  1971, a l s o  T a b le  3 ) ,  a p p e a r s  to  e x p l a i n  i t s  r e l a t i v e l y  
h ig h  m e t a h o l i c  a c t i v i t y  a t  15*C.
The r e l a t i v e l y  h ig h  r a t e  o f  t o t a l  o x i d a t i v e  m e ta b o l i sm  a t  15“C 
appea rs  to  i n v o l v e  more the  a c c l i m a t i o n  o f  hemocyanin  oxygen t r a n s p o r t  
than  a r e s p o n s e  o f  i n t e r m e d i a r y  m e tabo l i sm .  The im p o r t a n c e  o f  t h e  s y s t e m i c  
a d a p t a t i o n  can be em phas ized  by s u p p o s in g  t h a t  i t  d id  n o t  o c c u r .  I f ,  
f o r  exam ple ,  a w i n t e r  c rah e x p e r i e n c i n g  the  r i s e  o f  15°C i n  th e  s p r i n g  
had i n  i t s  b lo o d  th e  hemocyanin  found i n  summer c r a b s ,  th e n  only  39% 
as much oxygen would he  d e l i v e r e d  to  th e  t i s s u e s .  On th e  o t h e r  h a n d ,  
i f  a c rah  were  fo r c e d  to  f u e l  m e tabo l i sm  a t  25°C w i th  " w i n t e r  
h e m o cy a n in , "  the  venous r e s e r v e ,  which i s  f u l l y  e x p l o i t e d  d u r i n g  m o to r  
a c t i v i t y ,  would be  t o o  sm al l  (22% HcO^). Thus ,  the d i r e c t i o n  o f  t h e
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a c c l i m a t i o n  o f  h e m o t y a n i n  oxygen a f f i n i t y  l a  a d a p t i v e ,  a s  l a  th e  t i m i n g .
I f  t h e  a c c l i m a t i o n  o c c u r e d  more q u i c k l y  , t h e n  " w i n t e r  hem o cy an in "  would  
b e g i n  t o  d i s a p p e a r  f rom th e  b lo o d  b e f o r e  t h e  t r a n s i t i o n  from 5 flC t o  
25° C i n  n a t u r e , w h ic h  r e q u i r e s  a b o u t  2 -4  w eek s ,  i s  c o m p l e t e ,  Ag I t  
i s ,  t h e  t i m i n g  i s  u n a d a p t l v e  i n  th e  f a l l ,  when 15flC i s  e x p e r i e n c e d  hy 
a n i m a l s  w i t h  "summer h em ocyan in1' .  T h i s  p e r i o d ,  how ever ,  1h one  o f  
d e c r e a s i n g  a c t i v i t i e s  and e n t r y  i n t o  t h e  "do rm an t"  s t a t e .
The mechanism o f  hemocyanin  a c c l i m a t i o n  i s  unknown. Losing th e  
r e l a t e d  p o r t u n i d  c r a b  C a r c in u a  maenaa , T r u c h o t  (1975) showed t h a t  a 
s i m i l a r  change  o f  hem ocyan in  oxygen a f f i n i t y  i n v o l v e s  b o t h  d l a l y z a b l e  
and  n o n - d i a l y z a b l e  components  o f  th e  b l o o d .  ITiis phenomenon may be 
f u n d a m e n t a l l y  d i f f e r e n t ,  how ever ,  d i n c e  t h e  a c c l i m a t i o n  o f  maenaa 
I s  c o m p l e t e  o n ly  a  few days  a f t e r  a t e m p e r a t u r e  change  and  i t  o c c u r s  
o n ly  a t  t e m p e r a t u r e s  o f  25°C and above ,  w ? i l  i n  e x c e s s  o f  t h o s e  
e x p e r i e n c e d  by t h e  s p e c i e s  e x c e p t  f o r  p e r i o d s  o f  s e v e r a l  h o u r s ,  R u t l e d g e  
(1 9 7 8 )  r e p o r t e d  a  ch an g e  i n  hemocyanin  oxygen  a f f i n i t y  I n  t h e  c r a y f i s h  
P a c i f a s t i c u s  l e n u l s c u l u s  which o f f u c a  t h r o u g h o u t  t h e  r a n g e  o f  t e m p e r a t u r e  
t o l e r a n c e  and w h ic h  i s  c o m p le ted  i n  one month .  As i n  s a p i d u a . th e  
a c c l i m a t i o n  In  j*. l e n u l s c u l u s  was d e t e c t e d  from d a t a  on d i l u t e  p r e p a r a t i o n s  
and  even  on p u r i f i e d  h e m o cy an in ,  e l i m i n a t i n g  t h e  p o s s i b i l i t y  o f  a 
l o s e l y  bound c o - f a c t o r  such  as th e  o r g a n i c  p h o s p h a te s  found i n  
v e r t e b r a t e  r e d  b l o o d  c e l l s .  I n  a d d i t i o n ,  R u t l e d g e  (19 78) was u n a b le  t o  
d e m o n s t r a t e  a  ch an g e  i n  p e p t i d e  s t r u c t u r e  o f  1*. l e n u l s c u l u s  hemocyanin  
w h ich  was g r e a t  enough  tn  be  r e s o l v e d  u s i n g  p o l y a c r i l a m i d e  g e l  e l e c t r o ­
p h o r e s i s  .
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The r e t e n t  f i n d i n g s  o f  a  change in  A p h o sp h o l ip id  component o f  
p o r t u n i d  hemocyanin  may be i m p o r t a n t .  P, Z a t t a  ( p e r s o n a l  communication) 
h a s  shown t h a t  t h e  oxygen a f f i n i t y  o f  maenae hemocyanin can be  i n c r e a s e d  
by removing a l i p i d  moiety  and r e s t o r e d  in  p a r t  to  t h e  o r i g i n a l  
l e v e l  by r e j o i n i n g  th e  l i p i d  to  the  p ro te in*  This  f i n d i n g  i s  e s p e c i a l l y  
i n t e r e s t i n g  in  view o f  the  s e a s o n a l  v a r i a t i o n  i n  serum l i p o p r o t e i n s  
found i n  s a p ld u s  (Horn and K e r r ,  1969; K e r r ,  1969)* In  a d d i t i o n  to  
t h e i r  p o s t u l a t e d  r e p r o d u c t i v e  f u n c t i o n ,  serum l i p i d s  may p lay a r o l e  in  
th e  a c c l i m a t i o n  o f  hemocyanin  oxygen a f f i n i t y *  I f  the e f f e c t  o f  a 
l i p i d  component i s  th e  same i n  the  two p o r tu n i d  s p e c i e s ,  the  d e c rea se  
i n  hemolymph l i p o p r o t e i n  o b s e r v ed  in  (:* aapldua  du r in g  th e  f a l l  (K e r r ,
1969) would he e x p e c te d  to  lower hemocyanin oxygen a f f i n i t y ,  and the  
d e c r e a s e  i n  t h e  s p r i n g  to  r a i s e  oxygen a f f i n i t y .  Thus the  a v a i l a b l e  
i n f o r m a t i o n  on t h e  s e a s o n a l  changes  i n  l i p o p r o t e i n  and oxygen a f f i n i t y  
i s  c o n s i s t e n t  w i t h  th e  h y p o t h e s i s  t h a t  a l i p i d  component i s  a m odula to r  
□ f  t h e  r e a p i r a t o r y  p r o p e r t i e s  o f  the  blood i n  p o r tu n i d  c ra h s ,  A t e s t  
□f t h i s  h y p o t h e s i s  aw a i t s  f u r t h e r  i n v e s t i g a t i o n *
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ABSTRACT
The e f f e c t s  o f  t e m p e ra tu re  on the  oxygen t r a n s p o r t  of t h e  warm 
t e m p e r a t e  to  s u b - t r o p i c a l  s p e c i e s  Menippe m e r c e n a r i a r th e  t r o p i c a l  
t o  c o l d  t e m p e r a t e  s p e c i e s  C a l l l n e c t e a  s ap ld u s  and the co ld  t e m p e ra te  
t o  b o r e a l  s p e c i e s  Cancer b o r e a l i s  a r e  compared. The hemocyanin 
oxygen t r a n s p o r t  sy s tem  i n  M. m e rc en a r ia  and C. b o r e a l i s  perform s 
most e f f i c i e n t l y  a t  15°C, a w i n t e r  tem pera tu re  i n  the  s u b - t r o p i c a l  
h a b i t a t  and a summer t e m p e r a t u r e  i n  the  b o r e a l  h a b i t a t .  In  
M. m e r c e n a r i a ,  o x y g e n a t io n  a t  t h e  g i l l  i s  im pa i red  a t  h igh  t e m p e ra tu re  i 
in  C. b o r e a l i s  and C. s a p l d u s ,  un load ing  a t  t h i s  t i s s u e s  i s  im p a i red  
a t  low t e m p e r a t u r e s .  These l i m i t a t i o n s  o f  th e  oxygen t r a n s p o r t  
s y s t e m  a r e  due  b o t h  to  th e  d i r e c t  e f f e c t  of t e m p e ra tu re  cm oxygen 
a f f i n i t y  and t o  t h e  i n d i r e c t  e f f e c t  v i a  a change In  b lood pH, w i th  
th e  accompanying  a l t e r a t i o n  o f  hemocyanin oxygen a f f i n i t y  by the 
Bohr e f f e c t .  Thus t h e  f u n c t i o n a l  p r o p e r t i e s  o f  the  hemocyanin m olecu le  
a r e  a d a p t e d  to  a p a r t i c u l a r  the rm a l  regime. The magnitude o f  th e  
a d a p t a t i o n ,  how ever ,  i s  no t  very  g r e a t ,  and o t h e r  s y s tem ic  v a r i a b l e s  
such as b lood  pH c o u n t e r a c t  t h e  e f f e c t i v e n e s s  o f  t h e  m o lecu la r  a d a p t a t i o n  
a t  t h e r m a l  e x t r e m e s .
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INTRODUCTION
An i n v e s t i g a t i o n  o f  t h e  oxygen e q u i l i b r i u m  p r o t e r t l e s  o f  th e  b lood  
o f  p a n u l l r i d  l o b s t e r s  s u g g e s t e d  t h a t  decapod hemocyanitia a r e  s p e c i a l i z e d  
t o  f u n c t i o n  a t  d i f f e r e n t  th e rm a l  reg imes  (Redmond, 1955; Redmond, 196fl).
The haioocyan Ins  o f  c o l d  w a t e r  s p e c i e s  Panu l i  rus  j n t e r r u p t u s  and th e  
s u b t r o p i c a l  s p e c i e s  P_. argue  have oxygen a f f i n i t i e s  which a r e  a p p r o x i m a t e l y  
e q u a l  when measured  a t  th e  same pH and a t  r e p r e s e n t a t i v e  h a b i t a t  
t e m p e r a t u r e s  v i z . , 15°C f o r  i n t e r r u p t u a  and 25 "C f o r  a r ^ u a .
Measured a t  t h e  same t e m p e r a t u r e  (25*C) as w e l l  aH th e  same pH ( 7 . 5 ) ,  
oxygen a f f i n i t y  t h ® tUo hemoeyanins  d i f f e r  by a f a c t o r  o f  two.
The f u n c t i o n i n g  o f  an oxygen t r a n s p o r t  sy s tem ,  however,  depends upon 
th e  o p e r a t i n g  c o n d i t i o n s  o f  pH and PO^ In  the  b lo o d  as w e l l  as and
o t h e r  oxygen e q u i l i b r i u m  p r o p e r t i e s .  The g o e g ra p h ic  t r e n d s  In t h e s e  
d e t e r m i n a n t s  a re  n o t  known. The p u rpose  o f  t h e  p r e s e n t  s t u d y  i s  to  
compare th e  e f f e c t s  o f  t e m p e r a t u r e  on the. per form ance  o f  th e  hemocyanin  
oxygen t r a n s p o r t  s y s t e m  i n  s p e c i e s  o f  decapods w i th  d i f f e r e n t  l a t i t u d i n a l  
d i s t r i b u t i o n s  and ranges  o f  t e m p e r a t u r e  t o l e r a n c e ,  u s in g  d a t a  f o r  b o t h  
I n  v ivo  and ^ n  v i t r o  v a r i a b l e s .
Three  s p e c i e s  were  chosen* 1) Cancer b o r e a l i a , whose ran g e  e x t e n d s  
from Nova S c o t i a  a t  d e p th s  o f  ab o u t  75 m e t e r s ,  so u th  to  F l o r i d a ,  a t  
d ep th s  n f  abou t  400 m e te r s  ( W i l l i a m s ,  1965);  2) Menippe m e r c e n a r i a , whose 
s u b t i d a l  r a n g e  e x ten d s  from t h e  Yucatan  and West I n d i e s  t o  th e  C a r o l i n e s  
( W i l l i a m s ,  1965) ;  and 3) C a l l l n e e t e s  e a p l d u s , whose range e x t e n d s  from
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M a s sa c h u se t t s  Bay t o  South America (W i l l i am s ,  1965),  The p r im ary  d a t a  
fo r  C .  g a p ld u s  are  r e p o r t e d  e lsewhere  fMauro, 1980),
MATERIALS AND METHODS
Specimens  o f  Menippe m e rc e n a r i a  were o b t a i n e d  front Gulf Coast  
Supply  Co, ( P a n a ce a ,  F l o r i d a  and Cancer b o r e a l i s  from the  Marine 
B i o l o g i c a l  L a b o r a t o r y ,  Woods H o le ,  M a s s a c h u se t t s ,  The animals were  i n  
t h e  l n t e r m o l t  s t a g e  C  ^ and were  no t  fed p r i o r  to  e x p e r i m e n t a t i o n .
T h e i r  w e i g h t s  a v e r a g e d  250 grams,  and ranged 175 t o  - 5 0  grams * Animals 
o b t a i n e d  d u r i n g  the  months o f  June through August are  c a l l e d  summer 
a n i m a l s ;  a n im a ls  o b t a i n e d  d u r i n g  the  months o f  November through February 
a r e  c a l l e d  w i n t e r  a n im a ls .  P r i o r  to  e x p e r i m e n t a t i o n ,  an im als  were 
m a i n t a i n e d  i n  r e c i r c u l a t i n g  w a t e r  a t  32-34*/oo s a l i n i t y ,  and h e l d  fo r  
a p e r i o d  o f  2  weeks a t  t e m p e ra tu re s  equa l  to  t h a t  o f  t h e  e x p e r im e n ta l  
t e m p e r a t u r e s .
+
Oxygen u p t a k e  r a t e s  (V0^) o f  i n t a c t  animals i n  th e  dark were  
d e t e r m i n e d  by m e asu r in g  the  d e p l e t i o n  of oxygen i n  c lo sed  c o n t a i n e r s  
(Yel low S p r i n g s  I n s t r u m e n t  Co, 5420A p o la r o g r a p b lc  e l e c t r o d e ) .  H ear t  
r a t e  r e c o r d i n g s  were  made w i th  an Impedance pneumograph (E and M 
I n s t r u m e n t  C o . ) ,  V e n t i l a t o r y  flow r a t e s  were m easured  w ith  a F l u i d  
Component Co, f low m o n i to r  (FR 70 -4 ) .  The pH and P0^ o f  b lood samples  
ta k e n  a n a e r o b i c a l l y  w i t h i n  10 seconds  o f  I n i t i a l  c o n t a c t  were measured 
w i t h  a R ad io m ete r  (EM51) b lo o d  gas a p p a r a tu s .  F u r t h e r  d e t a i l s  o f  th e se
d e t e r m i n a t i o n s ,  as w e l l  as th e  r e s p i r a t o r y  p r o p e r t i e s  o f  th e  b l o o d  were 
made a s  d e s c r i b e d  p r e v i o u s l y  (Mauro, 1930), H e a r t  volume was de te rm in ed  
by th e  i n j e c t i o n  and w i th d ra w a l  o f  s eaw a te r  u s in g  a 1 ml s y r i n g e .  Oxygen
40
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c a r r y i n g  c a p a c i t y  was measured on b lood  samples  which w e re  a i r  
e q u i l i b r a t e d  and measured w i th  a Lex^O^-Con t o t a l  oxygen c o n t e n t  
a n a l y z e r .  The oxygen c o n t e n t  o f  the  b lood  sam ples  was measured  on 
b lo o d  samples  t a k e n  a n a e r o b i c a l l y  u s in g  th e  Lex-O^-Con t o t a l  oxygen 
c o n t e n t  a n a l y z e r .
Data  p r e s e n t e d  below as moan v a lu e s  (± s t a n d a r d  e r r o r )  were compared  
a c c o r d i n g  t o  S t u d e n t ' s  t  t e s t *  u s in g  unp a i red  o b s e r v a t i o n s  u n le s s  
o t h e r w i s e  s p e c i f i e d *  F u the r  d e t a i l s  o f  d a t a  a n a l y s i s  a r e  a l s o  p r e v i o u s l y  
d e s c r i b e d  (Maurot 19BO).
RESULTS
The e f f e c t s  o f  t e m p e r a t u r e  on hemocyanln oxygen e q u i l i b r i u m  p rop e r t i e s
As In jC. s a p i d u s  (Mauro, 1900),  the  hemocyanins o f  M. m e r c e n a r l a  
and l i a r e a l i s  have b i p h a s i c  oxygen b in d in g  c u r v e s .  In  b o th  I n s t a n c e s  
t h e  hemocyanin oxygen a f f i n i t y  i s  m odera te ly  low a t  p h y s i o l o g i c a l  
O  p r e b r a n c h i a l )  pH and a t  summer te m p e ra tu re s  (F ig .  1 ) .  The 
c o o p e r a t l v i t y  (.D^q) hemocyanln oxygen b i n d i n g  1h m o d e ra te ly  g r e a t ,  
and th e  Bohr e f f e c t  (Alog pH/flpH) Is l a r g e  { F ig s .  1 , 2 ) .  The th e r m a l  
s e n s i t i v i t y  (All) of hemocyanln oxygen a f f i n i t y  I s  g e n e r a l l y  g r e a t e r  
a t  low t e m p e r a t u r e s ,  w he ther  th e  comparison he I n t r a s p e c i f i c  ( e . g .
C_, s a p i d u s ; Mauro, 1900),  o r  I n t e r s p e c i f i c ,  as In t h e  p r e s e n t  example .  
T h e r e f o r e  I t  i s  no t  s u r p r i s i n g  t h a t  AH--31 k c a l / m o le  f o r  b o r e a l i s  
hemocyanln In  the  range  5 -15°C a t  pH 7 .6 ;  t h i s  v a lu e  I s  g r e a t e r  than  
t h a t  o f  C. s a p id u s  ov e r  the  same t e m p e ra tu re  r a n g e .  At 15°Ct the  
s u b - t r o p i c a l  s p e c i e s  M. a te r ce n a r la  has a h i g h e r  oxygen a f f i n i t y  of  i t s  
p igment than th e  b o r e a l  s p e c i e s  b o r e a l i s  (F ig .  1 ) .  Hemocyanln from
the  c o ld  te m p e ra te  s p e c i e s  £ .  s ap id u s  has an oxygen a f f i n i t y  which i s  
i n t e r m e d i a t e  when examined under  s i m i l a r  c o n d l l i o n s ,  At low t e m p e ra tu re  
the  Bohr e f f e c t  d e c r e a s e s  i n  b o th  s p e c i e s  and, i n  | i .  m e r c e n a r l a  o n l y ,  
c o o p e r a t i v i t y  d e c r e a s e s  ( F i g s ,  1 , 2 ) .  Ho d i f f e r e n c e  in  hemocyanln 
oxygen a f f i n i t y  was o bse rved  (P>0,5) be tween M. m e r c e n a r i a  o b t a i n e d  
d u r i n g  th e  w i n t e r  o r  t h e  summer. When t e s t e d  a t  25"C, the  oxygen a f f i n i t y
42
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Figure 1
R e l a t i o n s h i p  be tween hemocyanin oxygen a f f i n i t y  and pH a t  
5 ° ,  1 5 " ,  and 25"C. C a l l ! n e c t e e  sap ldua  ( 0 )  • Cancer 
b o r e a l i s  j Menlppe m ercena r ia  ( £ K  Mean (+95%
c o n f i d e n c e  i n t e r v a l )  t a k e n  from r e g r e s s io n  l i n e  d e s c r i b i n g  
8 -16  p o i n t s  a t  each pH*
or#
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Fifty re 2
R e l a t i o n s h i p  between hemocyanln c o o p e r a t i v l t y  (E5Q) 
hemocyanln oxygen b i n d i n g  and t e m p e r a t u r e .  C a l l l n e c t e s  s a p i d  us 
( 0 ) »  ( d a t a  from Hauro, 196C1); Cancer bojrealiB ( A )  :
Menlppe m e r c e n a r i a  ( £ ) -  Value o f  n ^  o b ta in e d  from s l o p e  of 
the  r e g r e s s i o n  l i n e  d e s c r i b i n g  8-16 p o i n t s  each pH.
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*47
o f  hem ocyan ln  c o l l e c t e d  from summer animals was P^Q“ 16 ± 0 (pH 7 .6 ,
N« 3 )  i from w i n t e r  a n i m a l s ,  was equa l  to 16 ± 3 (pH 7 . 6 ,  N- 0 ) ,
The e f f e c t s  o f  t e m p e r a t u r e  on . pH. and oxygen c a r r y i n g  c a p a c i t y
In b o th  s p e c i e s ,  b lo o d  pH v a r i e s  I n v e r s e l y  w i th  t e m p e r a t u r e ,  and 
th e  change  Is  g r e a t e r  than  ex p ec ted  from the  Ttoaenthal cu rve  (Reeves ,
1 9 7 2 ) ;  ( T a b le  1 ) .  No s i g n i f i c a n t  d i f f e r e n c e  (P>0.5) was o b s e r v e d  
b e tw ee n  p r e b r a n c h i a l  and p o s t b r a n c h i a l  b lood pH, r e g a r d l e s s  o f  t e m p e r a t u r e .  
As i n  £ .  s a p i d u s  (Mauro,  1900),  p o s t b r a n c h i a l  b lood PO^ i n c r e a s e s  and 
p r e h r a n c h i a l  h lo o d  PO^ d e c r e a s e s  a t  low tempera ture  (PcO.OOl);  t h u s ,  th e  
PO^ d i f f e r e n c e  b e tw een  the  two s i t e s  o f  gas excahnge i s  g r e a t e r  a t  
w i n t e r  than  a t  summer t e m p e r a t u r e s .  The oxygen c a r r y i n g  c a p a c i t y  
(HcfJ^ + f r e e  0^) o f  a l r - e q u l l i b  r a t e d  b lood  a t  25“C I s  0 .9 0  ± .05 
( + S . E . ,  tf- 0) m l /  100 ml i n  C, b o r e a l i s , and 1.85 + .08  (± S . E . ,  N- 8) 
m l /  100 ml i n  _H. m e r c e n a r l a .
E f f e c t s  o f  t e m p e r a t u r e  on h e a r t  r a t e ,  y e n t l l a t l n n  and oxygen e x t r a c t i o n  
from ti le  w a t e r
H e a r t  r a t e  d e c r e a s e s  f o l l o w i n g  a t r a n s f e r  from 15 SC to  5*C i n  
C. bo  r e a l  i s , and from 25 'C  t o  15°C i n  M, m ercena r la  (T ab le  2) . The 
t h e r m a l  s e n s i t i v i t y  a f  t h i s  re sp o n se  i s ,  however, g r e a t e r  In  M. m e rc en a r l a  
t h a n  i n  C^. b o r e a l  1 a . The t o t a l  h e a r t  volume was f l . 2 - 0 .4  ml (N- 8) fo r  
M. m e r c e n a r l a , and 0 . 5 - 0 .  7 ml f o r  C. bo r  e a I t s  ■ At 15 DC, th e  v e n t i l a t o r y  
flow r a t e  l a  h i g h e r  i n  C ,  b o r e a l i s  th a n  in  H. m e rc e n a r la  ( P < 0 .0 0 1 ) ,  and 
i t s  t e m p e r a t u r e  dependence  I s  somewhat s m a l l e r  (Tahle 2 ) .  The p e r c e n t  
oxygen e x t r a c t e d  from the  w a t e r  c u r r e n t ,  however, d i f f e r s  ve ry  l i t t l e
4 8
i n  the  two s p e c i e s ,  and t h e  e f f e c t  of t e m p e r a t u r e  i s  v e ty  sm al l  compared 
w i th  C. s a p i d u s . Using p a i r e d  o b s e r v a t i o n s  on the  same f o u r  I n d i v i d u a l s ,  
no d i f f e r e n c e  was no ted  cm th e  r a t e s  o b t a i n e d  2 and 7 days  fo l l o w i n g
a t r a n s f e r  o f  C. b o r e a l i s  from 15-5°C and o f  *1, m e r c e n a r l a  from 2 5 - 1 5 flC.
Oxygen u p t a k e  o f  I n t a c t  a n im a l s  and t i s s u e s
At 15"C, £ .  b o r e a l i s  has a h i g h e r  r a t e  (P<Ot n n i )  o f  oxygen u p t a k e
a
(VO^) t h a n  H, m e rcena r  1 a. (T ab le  3 ) ,  thus s u p p o r t i n g  K rogh 'a  (1916)
p r e d i c t i o n  of  m e t a b o l i c  com penaaa t lon  f o r  g e o g ra p h ic  d i f f e r e n c e s  i n
t e m p e r a t u r e  r eg im e .  The c o e f f i c i e n t  (Qjq) d e s c r i b i n g  t h e  change In  
*
V02 w i t h  t e m p e r a t u r e  I s  o n ly  s l i g h t l y  g r e a t e r  in  b o r e a l i s  than 
tt. m e r c e n a r l a , d e s p i t e  t h e  much lower  t e m p e r a t u r e  i n t e r v a l .  I n  c o n t r a s t ,  
t h e  f o r  5 ~ l 5 8C In C. s a p i d u s  i s  2 ,5  t im es  t h a t  f o r  15-25 "C (M aum ,  
19S9).  By co m p ar i so n ,  C. s a p i d u s , which i s  a more a c t i v e ,  swimming c r a b ,  
has a VO^ h i g h e r  than e i t h e r  o f  t h e s e  s p e c i e s  ( 6 3 ,0  ± 9 . 0  p l / g  wet w t / h r ,  
a t  15®C), At 5 aC, how ever ,  where  a c t i v i t y  Is  d e p r e s s e d  and " h i b e r n a t i o n "  
i n d u c e s ,  s a p i d u s  VO^  I s  lo w er  than _C. b o r e a l i s  ( 1 2 , 8  ± 1 ,2  p l ( g  w e t
w t / h r  v e r s u s  2 2 .1  + 1*2 u l / g  we t  w t / h t ) .
Oxygen u p ta k e  i n  muscle  and h e p a to p a n c r e a s  t i s s u e  a c t u a l l y  has a 
lower t h e r m a l  s e n s i t i v i t y  i n  _C, b o r e a l i s  th a n  In M. m e r c e n a r l a  over 
t h e i r  r e s p e c t i v e  t e m p e r a t u r e  r a n g e s .  At t h e  common t e m p e r a t u r e  o f  
15"C, m u sc le  t i s s u e  has  a  h i g h e r  (P<0,001) r a t e  o f  oxygen up take  In
<3. b o r e a l i s  th a n  21 ■ flier con a r i a , once a g a i n  s u p p o r t i n g  t h e  Krogh (1916)
p r e d i c t i o n .  H e p a t o p a n c r e a t i c  t i s s u e  VO^  i n  t h e  two s p e c i e s ,  however,  
i s  s i m i l a r  a t  t h e i r  r e s p e c t i v e  w i n t e r  t e m p e r a t u r e s  o f  and 15nC.
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The t e m p e r a t u r e  dependence  o f  o x i d a t i v e  metaboli sm o f  the  two 
t i s s u e s  l a  q u i t e  d i f f e r e n t  In C. s a p i d u s , a r e s u l t  o f  t h e  lower 
s e n s i t i v i t y  o f  th e  hexose  monophosphate sh u n t ,  which i s  more a c t i v e  i n  
hepa tnp i incTeaa  than  m usc le .  No ev id en ce  of t h i s  r e l a t i o n s h i p  nan 
he  found i n  b o r e a l i s  and ^1. m e r c e n a r l a .
The e f f e c t s  o f  t e m p e r a t u r e  on oxygen t r a n s p o r t  and c a r d i a c  o u tp u t
T ab le  k  shows th e  e f f e c t s  o f  t e m p e ra tu re  on the  hemocyanin oxygen
t r a n s p o r t  and c a r d i a c  o u t p u t ,  accord inR  to  the  Flck p r i n c i p l e ,  and a l so
from th e  d a t e  on tie-art r a t e  and h e a r t  volume. Using th e  e s t i m a t e s  o f
t o t a l  h e a r t  volume (0 .  2 -0 .4  ml) f o r  M, m ercenar la  and < 0 ,5 - 0 .7  ml) f o r
£* b o r e a l i s  t im e s  0 ,7 5  as a c o n s e r v a t i v e  index o f  s t r o k e  volume, t h e
c a l c u l a t i o n  o f  c a r d i a c  o u tp u t  from h e a r t  r a t e  Limes s t r o k e  volume i s
♦
c o n s i s t e n t  w i t h  t h e  Pick e s t i m a t e  (Vb),  Although low te m p e ra tu re  
d e p r e s s e s  h e a r t  r a t e  somewhat l e s s  t h a n  t o t a l  oxygen u p ta k e  i n  C. b o r e a l i s , 
c a r d i a c  o u t p u t  d e c r e a s e s  hy g r e a t e r  then  603!, s u g g e s t e d  a  reduced s t r o k e  
vo lume.  Tn M, m e r c e n a r l a , t h e  two c a r d i o v a s c u l a r  i n d i c e s  d e c r e a se  more 
a t  low t e m p e r a t u r e  than  t o t a l  oxygen u p ta k e ,  due to t h e  enhanced 
e f f i c i e n c y  o f  oxygen t r a n s p o r t .
As  shown i n  T a b le  4 ,  th e  oxygen t r a n s p o r t  system in  b o th  s p e c i e s  
f u n c t i o n s  a t  maximum e f f i c i e n c y  a t  15°C, d e s p i t e  the  d i f f e r e n c e  i n  
s e a s o n  a t  which t h i s  t e m p e ra tu re  p r e v a i l s  in  n a t u r e .  At 15"C, t h e  c a r r i e r  
i s  f u l l y  o x y g e n a te d  a t  t h e  g i l l  and more than h a l f  o f  t h e  hemocyanln 
l o a d  i s  d e l i v e r e d  t o  t h e  t i s s u e s .  At 5°C (■ w in te r )  , t h e  osqrgen a f f i n i t y  
o f  C, h o r e a l l a  hemocyanln  i s  so h igh  a t  pr eh ranch! a l  b lo o d  pH ( 8 , 1 )  t h a t  
t h e  c a r r i e r  can n o t  un load  a t  the  t i s s u e s ,  and o x i d a t i v e  m etabo l i sm  
m us t  be  f u e l e d  s o l e l y  by the  f r ee  oxygen in  the  b lo o d .  At 25°C (-  summer),
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t h e  oxygen a f f i n i t y  o f  M, m e rc e n a r l a  hemocyanln ia  b o  low (P^q" 22 mm Hg) 
a t  p o s t b r a n c h i a l  b lo o d  pH (7 .5 ) *  t h a t  the  b l o o d  la  p o o r ly  oxygena ted  a t  
t h e  g i l l *  Using t h e  measured v a lu es  o f  b lood  pH, PO^, and hemocyanln 
oxygen e q u i l i b r a t i o n ,  t h e  e s t i m a t e d  o x y g e n a t io n  s t a t e s  o f  hemocyanln 
In  p o s t h r a n c b i a l  b l o o d  would be  only  about  502 s a t u r a t e d  a t  t h e  g i l l .
S in c e  t h i s  r e s u l t  was somewhat unexpec ted ,  an in d ep en d en t  t e s t  o f  h laod  
o x y g e n a t i o n  was made by d e t e r m in in g  t o t a l  oxygen c o n t e n t  of p a i r e d  samples  
o f  p o s t -  and p r e b r a n c h l a l  b lo o d  taken  from th e  same i n d i v i d u a l .  The 
p e r c e n t  o x y g e n a t io n  of  hemocyanln was e s t i m a t e d  from t o t a l  oxygen 
c a r r y i n g  c a p a c i t y  a f t e r  d e d u c t i n g  th e  q u a n t i t y  of m o le c u la r  oxygen not 
bound t o  th e  p ig m en t .  Only t h e s e  d a ta  a r e  g iv e n  in  T a b le  4 ,  and con f i rm  
th e  in c o m p le t e  o x y g e n a t io n  of  p o s t b r a n c h l a l  b lo o d .  These  d a t a  were 
o b t a i n e d  on q u i e s c e n t  an im a ls  k e p t  i n  c l e a n ,  a e r a t e d  s e a w a t e r  (135-145 
mm Hg) i n  p l a s t i c  a q u a r i a  which were not p ro v id e d  with  a s an d  s u b s t r a t e .  
Under t h e s e  e x p e r i m e n t a l  c o n d i t i o n s ,  hemocyanln I s  p o o r ly  oxygenated  in  
M. m e r c e n a r i a .
DISCUSSION
The f u n c t i o n a l  p r o p e r t i e s  o f  the  hemocyanln molecules  o f  the  t h r e e  
s p e c i e s  o f  decapods  a r e  a d a p t e d  to  t h e i r  p a r t i c u l a r  t e m p e ra tu re  reg imes .  
When t e s t e d  a t  th e  anme t e m p e r a t u r e  (15"C) and pH < 7 .7 ) ,  hemocyanln from 
£ .  b o r e a l i s  has  an oxygen a f f i n i t y  (15 mm Hg) which i s  h a l f  t h a t  ( 7 . 3  
mm Hg) o f  t h e  hemocyanln  from m e r c e n a r l a . I f  C, b o r e a l i s  hemocyanln 
h a d  th e  o x y g e n a t i o n  p r o p e r t i e s  o f  M, m e rc en a r la  h e m o c y a n l n ,  the  
t i s s u e s  would r e c e i v e  on iy o n e - t h i r d  as much oxygen a t  15*C. When 
compared a t  t h e i r  r e s p e c t i v e  summer t e m p e ra tu re s ,  I . e . ,  15*C and 2 5 ^ ,  
i t '  b o r e a l i s  has  an oxygen a f f i n i t y  o f  i t s  hemocyanin (15 mm Hr) which i s  
s i m i l a r  to  t h a t  o f  m e r c e n a r l a  hemocyanin (12 mra Hg). Thus t h e  
d i f f e r e n c e s  be tw een  t h e s e  two hemocyanine i s  as g r e a t  as t h a t  be tween 
th e  g e o g r a p h i c a l l y  s e p a r a t e d  p a n u l i r i d  l o b s t e r s  (Redmond, 1955; Redmond, 
1968) .  The t e m p e r a t e  s p e c i e s  (h s a p i d u s „ which e x p e r i e n c e s  b o th  ex tremes  
o f  t e m p e r a t u r e ,  h a s  an oxygen a f f i n i t y  o f  i t s  hemocyanin a t  15nC which 
i s  i n t e r m e d i a t e  o v e r  most o f  i t s  pH range.
The t h e r m a l  a d a p t a t i o n s  o f  hemocyanin are  no t  t o t a l ,  and the  
c o r r e s p o n d i n g  p h y s i o l o g i c a l  p a ra m e te r s  tend to  impede th e  a d a p t i v e  
c h a r a c t e r i s t i c s  o f  t h e  oxygen c a r r i e r .  In the  s p e c i e s  s t u d i e d  h e r e ,  
t h e r e  i s  a  d im u n u t io n  o f  t h e  r e s p i r a t o r y  r o l e  of the  b lood  as the  
t e m p e r a t u r e  o f  t h e  o rgan ism  d e p a r t s  from 158C. This re sponse  i s  a 
d i r e c t  r e s u l t  o f  t h e  t r e n d s  i n  pH and PO^. I f  b lood pH were lower 
in  J2. b o r e a l i s  a t  5*C, o r  h i g h e r  a t  H. m ercena r la  a t  25*C, th e  dimunution  
o f  th e  r e s p i r a t o r y  r o l e  o f  t h e  b lo o d  would no t  occu r .  Thus the  i n v e r s e
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r e l a t i o n s h i p  b e tw ee n  b l o c  d pH and t e m p e r a t u r e  (R eeves ,  19 7 2 ) ,  and i tH 
r e s p i r a t o r y  c o n se q u e n ce s  c a n n o t  be r e g a r d e d  as a d a p t i v e  when ap p ro a ch in g  
t h e r m a l  extremes* In a d d i t i o n  t o  t h e  a d v e r s e  e f f e c t s  o f  pH, t h e  t r e n d s  
i n  P02 a r e  a l s o  n o t  a d a p t i v e  a t  h ig h  t e m p e r a t u r e .  At 25 ”C, the  d e c r e a s e  
i n  p o s t b r a r t c h l a l  aa a r e s u l t  o f  t h e  r i s e  i n  h e a r t  r a t e  and v e n t i l a t i o n
e x a c e r b a t e s  the  p ro b le m  o f  o x y g e n a t i o n  a t  t h e  g i l l *  IF  p o s t b r a n c h i a l  
PO^ was n o t  s i g n i f i c a n t l y  r e d u c e d  w i th  i n c r e a s e d  t e m p e r a t u r e , f u l l  
o x y g e n a t i o n  of t h e  p igment  c o u l d  occur* As a r e s u l t  of t h e s e  t r e n d s  o f  
PO^ and pH, a t  25°C th e  oxygen a f f i n i t y  o f  M* m e r c e n a r l a  b lo o d  I s  low, 
and p o s t b r a n c h i a l  b lo o d  Pft^ does  no t  i n c r e a s e  to  a l e v e l  t h a t  would 
p e r m i t  more th a n  s e v e n t y  p e r c e n t  o x y g e n a t io n  a t  the  g i l l *  C o n v e r se ly ,  
a t  5"C, t h e  oxygen a f f i n i t y  o f  C^. b o r e a l i s  hemocyanin i s  so  h ig h  t h a t  
l i t t l e  d e o x y g e n a t i o n  occu rs  a t  t h e  t i s s u e s  due to  b o th  t h e  d i r e c t  
i n f l u e n c e  o f  t e m p e r a t u r e  on as w e l l  as th e  i n d i r e c t  e f f e c t  o f
t e m p e r a t u r e  v i a  an  I n c r e a s e d  b lo o d  pH. M oreover ,  the  d a t a  f o r  C. s a p i d u s  
a f f i r m s  th e  o b s e r v a t i o n  t h a t  t h e  t o t a l  i n h i b i t i o n  o f  hemocyanin  oxygen 
t r a n s p o r t  i s  n o t  a  un ique  phenomenon, b u t  more w id e s p r e a d  In  decapods 
e x p o s e d  t o  very low t e m p e r a t u r e s *  By co m p ar i so n ,  a t  25’ C, a l th o u g h  
b lo o d  pH o f  s a p i d u s  and_M. m e r c e n a r l a  a r e  s i m i l a r  ( 7 * 5 ) ,  f u l l  
o x y g e n a t i o n  o f  t h e  b lo o d  o c c u r s  a t  the  g i l l  o f  C^* a ap ld u s  as a d i r e c t  
r e s u l t  o f  h i g h e r  p igment  oxygen a f f i n i t y  and h i g h e r  p o s t b r a n c h i a l  
oxygen t e n s i o n s .  I t  i s  i m p o r t a n t  to  r e c o g n i z e  t h a t  a l t h o u g h  th e  
i n v e r s e  r e l a t i o n s h i p  between b l o o d  pH and t e m p e r a t u r e  and I t s  
r e s p i r a t o r y  c o n se q u e n ce s  c a n n o t  be r e g a r d e d  as a d a p t i v e  when ap p ro a ch in g  
t h e r m a l  e x t r e m e s ,  when a p p r o a c h i n g  the  i n t e r m e d i a t e  t e m p e r a t u r e  o f  
15"C, a summer t e m p e r a t u r e  f o r  C* b o r e a l i s  and a  w i n t e r  t e m p e r a t u r e  f o r
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M. m e r c e n a r l a , t h e  changes  In pH and Pn^ a l lo w  f o r  a m ax im iza t ion  
of oxygen t r a n s p o r t  and th e  d e l i v e r y  o f  more than h a l f  t h e  hemocyanln 
bound oxygen to t h e  t i s s u e s .
Only one p r e v i o u s  s tudy  has been made on th e  pe r fo rm ance  o f  the  
hemocyanln  oxygen t r a n s p o r t  system o f  a q u a t i c  c r u s t a c e a n s  a t  
t e m p e r a t u r e s  as  h ig h  as  25 4C. I n  L l h i n i a  e m a t g ln a t a ,  the  hemocyanin 
in  p o s t b r a n c h l a 1 b lo o d  I s  a lm o s t  f u l l y  oxygenated  a t  t h i s  t e m p e ra tu re  
( B u r n e t t ,  1970; Mauro and Mangum, unp u b l i sh ed  d a t a j .  However,  In 
the  a i r - b r e a t h e r s  Cardlsoma guanhumi and C oenob l ta  c l y p e a t u s , th e  
hemocyanin i n  pos t b r a n c h i a l  b lood  I s  only  60-701, oxygenated  a t  
25 4C (Redmond, 1962; McMahon and fjuggren, 1979).
No p re v io u s  i n f o r m a t i o n  i s  a v a i l a b l e  f o r  the  perfo rm ance  of  a 
hemocyanln  oxygen t r a n s p o r t  system in  c r a b s  a t  t e m p e ra tu re s  as  low 
as 5 4C. At R-10DC, a w i n t e r  v a lu e ,  hemocyanln oxygen t r a n s p o r t  In 
Cancer  m a e l a t e r  ( Jo h a n se n  and L e n f a n t ,  1970) I s  s i m i l a r  to t h a t  in  
C_. h o r e a l l s  a t  t h e  Summer t e m p e ra tu re  (15°C) i n  t h a t  o v e r  50S o f  
t h e  Oxygen taken  up a t  the  g i l l  i s  d e l i v e r e d  to t h e  t i s s u e s , In 
c o n t r a s t ,  hemocyanln oxygen t r a n s p o r t  i n  th e  cold  w a t e r  r e p t a n t i a n s  
Homarue amet lcanua and Homarus v u l g a r i s  a t  15aC, and the  b r a c h y u r a n  
pa gurus  a t  124C, resem ble  t h a t  of  £_■ b o r e a l i s  In  the  w i n t e r ;  
p r e b r a n c h l a l  hemocyanln I s  r e t u r n e d  to the  g i l l s  w ith  f u l l y  90-93K 
□f i t s  oxygen load (McMahon and Wilkens,  1975; McMahon and WilkenH,
J 9 77; McMahon, e t .  a l . ,  19 70).
Thus,  the  r e s u l t s  p r e s e n t e d  in  t h i s  s tu d y  and in  p r e v i o u s  s t u d i e s  
s u g g e s t  t h a t ,  a l t h o u g h  th e  decapod hemocyanins a re  c a p a b le  of a d a p t a t i o n  
a t  t h e  m o le c u la r  Leve l ,  the  b e n e f i t s  of  th e  a d a p t a t i o n s  a r e  m i t i g a t e d  
hy th e  th e rm a l  dependence  of  b lo o d  pH and PO^ a t  the rm al  e x t re m es .
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